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Abstract Land use history reconstructions in
temperate regions of the Northern Hemisphere indi-
cate that periods of deforestation are often followed by
natural afforestation, so that the long-term outcome at
the landscape level will be a balance of retractions and
advances of plant communities associated with vary-
ing local land uses. During the last decades of the XIX
century, large forest areas were cleared in Northwest-
ern Patagonia to open farmland. In this article, we
compared historical land use/land cover maps with
land cover maps derived from Landsat images to
analyze the factors that may have influenced the
dynamics of land cover change of the forest-steppe
ecotone during the last 100 years. Our results indicate
that Patagonian forests underwent a rapid initial
recovery after the extensive fires of last century,
replacing mainly shrublands. More than 50% of the
old burns are currently covered by forests, and modern
fires affect areas characterized by fire-prone vegeta-
tion. Whereas natural afforestation is an ongoing
process positively associated with moisture, the rate
of forest losses has increased during the last three
decades, concentrating on xeric aspects and the
vicinity of roads. We conclude that the outcome of
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the dynamics between fire-intolerant forests and fire-
prone plant communities will largely depend on
human-related activities, modeled by structural fea-
tures of the landscape (i.e., topography, dominant
winds), and processes triggered by past land uses.
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Introduction

Recognition of the influence of current and past human
activity on the structure and functioning of ecosystems
has led to an appreciation of regional/historical
perspectives as tools for anticipating future scenarios
(Foster et al. 2003; Schulte et al. 2007). Many
temperate and tropical regions of the globe have
witnessed a recent sequence of intensification in land
use related to a period of settlement mostly associated
with logging, large fires, and expansion of agricultural
land, followed by post-settlement decline or abandon-
ment of farming activities (Grau et al. 2003; Rhem-
tulla et al. 2007). Because abandonment of farmland
has often triggered processes of natural afforestation
(Graham et al. 1963; Petit and Lambin 2002; Hall et al.
2002), the long-term dynamics of plant communities
at the landscape level will be associated with the
spatial and temporal distribution of local land uses and
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the capacity of the different plant communities to
respond to these uses (Grau et al. 2008).

For northern Patagonia, it has been generally
assumed that the demise of the aboriginal culture that
used fire for hunting larger herbivores, as well as the
post-settlement reduction of Euro-Argentinean farm-
ers, combined with a long-term regional reduction in
herbivore numbers (Veblen and Lorenz 1987, 1988;
Kitzberger and Veblen 1999) may have triggered an
expansion of forests on shrublands and grasslands. In
contrast to this pattern, recent studies indicate that
during the last three decades a rebound in fire activity
has taken place, affecting large areas of mature
Nothofagus and Austrocedrus forests (Bruno and
Martin 1982; Mermoz 2002).

Fire regime reconstructions based on fire scars
and stand initiation smaps indicate that fire frequency
peaked 1860-1880 along the transition zone between
dry Austrocedrus chilensis/Araucaria araucana wood-
land and steppe as a result of intense fire use for
hunting, and showed a systematic reduction along the
whole region following the demise of aboriginal
cultures (Kitzberger and Veblen 1997). In contrast,
fire frequency in the more mesic Nothofagus peaked
between 1890 and 1920 as a result of systematic use of
fires for opening farmland, being very low since then
(Kitzberger et al. 1997; Veblen et al. 1992a, 1999).
More recently, drought-driven large, severe fires often
initiated in shrublands close to roads and urban areas,
have recently turned into large areas of forests to
shrublands (Mermoz et al. 2005).

Cattle and sheep breeding became the main
economic activities of Euro-Argentinean settlers in
forest and grassland areas, respectively. Livestock
numbers peaked during the mid 20th century and are
declining since then (Eriksen 1971). The direct impact
of grazing by livestock and introduced herbivores on
tree regeneration has been extensively documented in
the region (Veblen et al. 1992b; Kitzberger et al. 2005;
Raffaele et al. 2011).

Since 1970, pine plantations have been promoted as
an alternative land use for abandoned farmland in
Patagonia, leading to the introduction of several fire-
adapted species such as Pinus ponderosa, P. contorta
var. latifolia, and P. radiata (Schlichter and Laclau
1998). Also, drought-induced adult tree mortality is
becoming a major factor for landscape level shifts
toward drought tolerant trees and/or shrubs (Suarez
and Kitzberger 2008, 2010), further increasing the
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flammability of forests. The pattern of distribution of
this new land use may both affect the successional path
from shrubland to native forest, and the flammability
of the land cover through time.

During the last decades, considerable population
growth (8.4-21.3% increase 1991-2001) and rapid
urbanization (79.9-84.4% urban population from
1991 to 2001) has occurred in Northern Patagonia
(INDEC 2001). Because most modern fires are
associated to roads and shrublands (Mermoz et al.
2005), the rapid population increase of the population
in the region may lead to increasing rates of fire
ignition.

Combining century-old historical land cover maps
with a three decade-long remote sensing dataset, we
analyzed whether historical legacies (past fires, rem-
nant forest, and fire-prone communities), current
disturbance regimes (human-set fires), and expanding
land uses (urbanization, roads, exotic pine plantations)
have affected land cover dynamics during the last
century over a broad region (550,000 ha) of Northern
Patagonia. We addressed the following questions:
(1) are Patagonian forests recovering from the period
of extensive fires associated to settlements? (2) if so,
which vegetation covers are being replaced by
forests? (3) has the area affected by fires been reduced
during the last 100 years? (4) which vegetation types
have colonized old fires? (5) which land cover types
are being affected by modern fires? (6) can we
associate simple environmental and human-related
variables with the processes of afforestation and
deforestation?, and (7) did the relative and absolute
importance of these processes change during the last
100 years?

Methods
Study area

The study area is a rectangle located at the forest-
steppe ecotone in northwestern Patagonia Argentina
(Fig. 1) within the following corner coordinates: NW:
38°44’S, 71°25'W; NE: 38°46'S, 70°48'W; SW:
43°05'S, 71°35'W; SE: 43°05’S, 70°55'W. Total study
area after masking non-classified pixels of all images,
high altitude plant communities, lakes and non-
surveyed areas of the historical map was 540,360 ha.
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Fig. 1 Land cover maps along the transition zone between
forests and grasslands of Northern Patagonia during the last
century. Areas above 1500 m.a.s.l. as well as those classified as
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Remote sensing data

The study area covered portions of four LANDSAT
scenes for each date (source: MSS 3/21/1973, TM—23/
7/1985, TM—38/3/1997, and ETM—2/13/2003 Path
248, rows 87-90 for all mosaics). Imagery was
selected for low cloudiness and similar phenological
state. All images used had <5% clouds (outside study
area) and were taken between mid summer-early fall.
TM images were radiometrically and geometrically
standard-terrain corrected (L1T). All images were
resampled using UTM Datum and WGS84, 19S
projection. Atmospheric corrections were performed
using ATMOSC (Idrisi Andes 2006).

Land use/land cover (LULC) classifications

We performed a supervised maximum likelihood
classification (MAXLIKE; Idrisi Andes 2006) on the
image mosaics for years 1973 and 2003 using 432 and
520 training plots, respectively, with higher sampling
intensity for forests, intermediate intensity for grass-
lands, shrublands, and plantations, and low-intensity
for urban areas, water, and absolute shade (Table 1).
All training plots were taken in areas known to have
remained stable during the period 1973-2003, so that a
common set of training plots could be used for the

classification of all dates. Approximately 10% of the
plots were allowed to remain unclassified to avoid
forcing uncertain pixels into specific classes.

Assessment of areas burned 1973-2003

Burned areas were estimated through decadal differ-
ences in normalized difference vegetation indices
(NDVI) and superimposed to the final classification.
Because of unavailability of pre-1973 images, burned
areas in 1973 were derived from NDVIy;—NDVI;,
i.e., assuming that 1973 burns had recovered in NDVI
by 2003. Burned areas in 1985 were determined from
NDVI,5-NDVlgs, areas burned 1997 were determined
from NDVIgs—NDVlIy;, while those in 2003 were
derived from NDVIgs—NDVIy3. This technique has
proven to be useful in detecting large fires (Mermoz
2002).

Classification accuracy

Accuracy of the image classification was assessed
using a confusion matrix (omission error and com-
mission error for every class) based on 520 control
points (198 points for forests, 143 for shrublands and
wet grasslands, 132 dry and high-elevation grasslands,
34 exotic pine plantations, and 13 points for urban

Table 1 Confusion

matrices for supervised Forest Shrubland Grassland Plantation Urban

classi.ﬁcation of two landsat 1973

osaies Forest 108 30 1 0 0
Shrubland 43 96 1 0 0
Grassland 10 3 120 0 4
Plantation 0 0 0 7 0
Urban 0 0 0 0 9
Total 161 129 122 7 13
Omission errors 0.329 0.256 0.016 - 0.31
Commission errors 0.19 0.34 0.14 0.00 0.00

2003

Forest 166 14 0 0 0
Shrubland 19 124 0 0 0
Grassland 12 4 132 0 1
Plantation 0 0 34 0
Urban 1 0 0 0 12
Total 198 143 132 34 13
Omission errors 0.16 0.13 0.00 0.00 0.08
Commission errors 0.07 0.13 0.13 0.03 0.08
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areas). Agreement between ground control points and
mapped classes varied between 0.69 (1973) and 0.86
(2003).

Highest omission and commission errors corre-
sponded to forests and shrubland classes (Table 1).
The Maximum Likelihood classification produced
rather symmetric errors between shrublands and
forests, i.e., a portion of forest were misclassified as
shrublands and a similar portion of shrublands was
misclassified as forests. Urban areas, dry grasslands,
and plantations had low classification error levels
(Table 1).

To estimate the accuracy of the method for
detecting modern fires, all areas classified as fires
larger than 1,000 ha were individually checked with
fires reported by the National Fire Management Plan
(PNMF) during the same period. 81% of the burned
areas detected using differences in NDVI corre-
sponded to large fires documented by the PNMF,
comprising 84% of the area reported as burned during
the period 1970-2003. The method used here is likely
to underestimate grassland fires because of the rapid
recovery of the vegetation cover of this plant
community.

Historical map

Color copies of the vegetation and land cover maps
produced by Willis (1914) covering of the whole study
area were scanned and georreferenced using the
Landsat image mosaics (see above), a digital elevation
model (DEM) with 30 m resolution (http://asterweb.
jpl.nasa.gov/gdem.asp), river, lakes, and road maps as
background. LULC classes were manually digitalized
using the following methodology.

Forests were digitalized maintaining shape and size
of original patches and repositioned at the most likely
location based on topographic attributes (i.e., aspect
slope and altitude, rivers, lake shores, and peaks).

Burned land had often clear boundaries such as
rivers, lakes, and elevation lines. The upper limit of
burned land was given by altitude lines when existing,
or by the mask of 1500 m a.s.l.

Shrublands and grasslands Rivers and mountains,
which in most cases delimited the two cover types,
were used to improve the accuracy of the boundaries
between them. In the absence of such physical
attributes the original division line of the historical
map was used.

The following cover classes originally mapped by
Bailey Willis were excluded (masked) from the
analyses:

Mountain forests and grasslands cited as above
1500 m a.s.l. were excluded from the analysis because
the original land class did not discriminate between
forests, grasslands, high altitude vegetation, and rocky
outcrops. This class has very low accessibility for
humans and was probably marginally affected by old
fires. Likewise, all areas above this altitude are currently
not affected by urbanization or forest plantations, even
though they may be marginally affected by large fires.

Agricultural land was masked because the original
map did not make differences between grasslands,
recently burned shrublands, and cultivated areas, not
allowing any comparison between these categories.

Lakes Because the lakes of the study area did not
show any significant change during the last 30 years,
they were assumed to have remained unchanged
during the last 100 years. Lake shores, islands, and
rivers from the original map were used to anchor the
main vegetation classes of the original map to those
derived from image interpretations.

LULC change analysis

The classified images and original historical were
converted to raster maps in Idrisi Andes to calculate
total area covered by each class, gains, losses, and
transitions between classes. Transitions between all
land cover/land use types were calculated using
CROSSTAB (Idrisi Andes 2006) for the whole period
(1914 vs. 2003) as well as for two sub-periods (1914
vs. 1973 and 1973 vs. 2003). Net expansion/retraction
was calculated by subtracting the transition values
for the different classes. Gains were calculated
as the transition from all classes to any specific class,
whereas losses are the transitions from the focal class
to other classes. Net contribution to forest expansion
was calculated using a cross tabulation matrix
(CROSSTARB, Idrisi Andes 2006) between the forest
area at the end of any given period and the complete
land unit map at the beginning of the study period.
The relation between aspect and gains and losses of
forest and scrubland was calculated using a cross
tabulation matrix (see above) between a raster of the
differences in distribution of the above named vege-
tation types and a classified raster of the aspect data
derived from the DEM of the study area (see below).

@ Springer


http://asterweb.jpl.nasa.gov/gdem.asp
http://asterweb.jpl.nasa.gov/gdem.asp

264

Plant Ecol (2012) 213:259-272

Analyses of forest gains and losses

As predictors of the changes in LULC, we used aspect
(i.e., the slope facing direction) divided in Northing
and Easting (i.e., cosine and sine-transformed azimuth
values, respectively), slope (i.e., steepness), and
altitude derived from the SRTM90 DEM. Because
the whole study area is located in the southern
hemisphere (>38° South), northern aspects receive
significantly higher radiation than southern aspects,
in particular when associated with steep slopes,
leading to more xeric conditions. Western aspects
are most exposed to the dominant westerly winds of
the region, being associated at the local level with
higher precipitation and a lower frequency of frosts.
Mean annual precipitation was taken from the Woldc-
lim dataset (Hijmans et al. 2005). Raster maps of
distance to roads, water, grasslands, and shrublands
were generated using DISTANCE (Idrisi Andes
2006). The road layer in the National Grid (SIG IGN
250, http://sig.ign.gob.ar/home.asp) was used for this
analysis.

To estimate the importance of the above named
variables in influencing forest gains and losses, we
used logistic regression analysis. Binary response
variables were new forests and lost forests for the total
period 1914-2003 and for the sub-periods 1914-1973
and 1973-2003.

To reduce autocorrelation, we sampled the raster
layers corresponding to the response and predictor
variables withina 1 x 1 km systematic sampling grid.
For the analysis of forest gain, all forests at the
beginning of the analyzed period were masked to
avoid redundant zeros. Similarly, for the analysis of
forest losses, only the areas with forest at the
beginning of the period analyzed were sampled and
the rest of the study area was masked. To avoid an
unbalanced dataset (i.e., a high proportion of zeros in
forest gain analysis and a low proportion in the
forest loss analysis) the subset of data was randomly
re-sampled until the difference between 0 and 1 was
within 5%. The effect of each predictor variable on the
occurrence of forest gain or forest loss was evaluated
by multivariate logistic models. Initial variable selec-
tion was conducted through a backward stepwise
model allowing variables with P > 0.005 to be
retained. The final model was selected using the best
subset of variables on the basis of the Akaike IC
procedure.
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Results
Patterns of change in land cover

Forests are the most expanding cover type of the
region for the whole period (Figs. 1, 2), covering
today more than 25% of the study area (Table 2), i.e.,
65% more than in the early 20th century which
represents a net increase of forest cover of 9.7% over
the entire study region. This expansion took place
mainly at shrublands and burned areas, replacing 50
and 61% of these land cover classes, respectively
(Table 3; Fig. 3). Forest expansion occurred chiefly
during the first period (1914—-1973) at a rate of 978 ha
of new forests per year (0.18% per year increment over
the study area), showing a marginal decline during the
period 1973-2003 (Table 2). Only 36% of the forests
detected by 2003 were classified as such in 1914
(i.e., potentially remnant forests) indicating that most
existing forests established during the last 100 years
on non-forest cover types of the early 20th century.
The trend of forest replacing shrubland was main-
tained between 1914-1973 and 1973-2003 but was an
order of magnitude lower during the later period
(Fig. 3). Burned areas and grasslands showed also a
positive contribution to forest expansion during the
period 1914—1973, but this pattern reverted since then
(Fig. 3). Urban land and plantations had a marginal
negative net contribution to forest cover throughout
the period (Fig. 3).

Shrublands showed a continuous retraction during
the study period (Fig. 2), covering today less than
17.1% of the study region (Table 2); a reduction of
46% from the area covered at the beginning of the
period. Even though the total retraction of shrublands
was highest during the period 1914—1973, the annual
rate of retraction was highest during the period
1973-2003 (Table 2), indicating that the transition
from shrublands to other land cover types is an
ongoing process.

Forest plantations increased 15-fold during the
last 30 years of analysis showing an expansion of
92 ha year_1 (Table 2), but had a minor contribution
to the land cover changes of the study area (0.02%
year™', Fig. 1). Most forest plantations were estab-
lished on former shrublands (49%) and grasslands
(29%). In addition, 20% of the plantations mapped
in 2003 were established on land covered by forests
in 1914 (Fig. 2). Urban centers expanded almost
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Table 2 Landscape composition and rates of change of land cover classes within the study area

Period Forest Shrubland Grasslands Plantations Urban Recent fires

Main vegetation cover classes (hectares & percentage of study area)

1914 80,601 15% 169,621 31% 272,146 50% 0% 427 0% 17,565 3.3%

1973 138,294  26% 121,084 22% 278,012  51% 651 0% 2304 04% 16 0%

2003 132,827  25% 92,639 17% 295,687 55% 8226 1.5% 4,176 0.8% 6,804 1.3%
Annual rate of change (hectares and percentage of change per year)

1914-1973  977.84 12% —822.66 —05% 99 0.0% 11 32 7% —297 —1.7%

19732003 —182.22 —-0.1 —-948.15 —-09% 589 0.2% 253 94% 62 2.1% 226 8.5%

1914-2003  586.81 0.7 —864.96 —-0.5% 264 0.1% 92 42 9.9% —121 —0.7%

Recent fires are presented as an independent class because they may trigger transitions between the main vegetation classes

Table 3 Short and long-term relation between fire and land cover

Forest Shrubland Dryland Plantations Urban Recent fires Total

Burned area 1914 Current (year 2003) land cover class of land burned 1914

Hectares 8,838 5,163 2,106 1,187 91 180 17,565

% of burned area 50% 29% 12% 7% 0.5% 1.0% 100%

% of current cover 7% 6% 1% 14% 2% 4% 3.3%
Burned area 1973-2003 Historical (year 1914) land cover classes affected by fires 1973-2003

Hectares 2,305 6,733 1,411 - - 1,275 11,723

% of burned area 20% 57% 12% - - 11% 100%

% Burned/% available 1.32 1.83 0.24' - - 3.35 1.00

a Most fires mapped 1914 are today either forest or shrubland, b fires and schrubland mapped 1914 were more affected by recent fires
than any other land cover class

tenfold since 1914 (42 ha year '), replacing mainly 2003 for 0.8% of the study area (Table 2). Grass-
grasslands and shrublands (48 and 31% of former lands are a relatively stable cover type (87% of their
grasslands and shrublands, respectively) account in area without changes, Table 2), showing a marginal
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Patterns of change in area burned

Newly burned land covered a total of 17,565 ha 1914
(i.e., 3.3% of the study area, Table 2), decreased in
1973 to only 16 ha (Table 2) increasing again in 1985
and 1997 (2,269 and 2,671 recently burned, respec-
tively) and showed a new increment in 2003
(6,804 ha, Table 2). The sum of areas detected as
burned in the four mosaics (1973, 1985, 1997, and
2003) is equivalent to 67% of the area burned 1914,
indicating a very important reduction in vegetation
affected by fires during the last 30 years.

Areas burned in 1914 are today mostly covered by
forests and shrublands (50 and 29%, respectively)
comprising 6 and 7% of the current area of these land
cover classes, respectively (Table 3). 14% of the forest
plantations were established on areas affected by old
fires (Table 3). 12% of the area burned 1914 is today
covered with grasslands, accounting for less than 1%
of the area covered by this land cover class (Table 2).

Analysis of the distribution of recent fires
(1973-2003) indicates that old fires and shrublands
were more affected than other land cover classes
(Table 3). 7.3% of the area mapped as burned 1914
was affected by fires during this period, three times
more than expected by the proportion of burned land in
the study area (Table 3). At the same time, shrublands
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accounted for 57% of the area burned, whereas forests
were slightly more burned than expected. Grasslands
were marginally affected by recent fires, accounting
for 12% of the burned area (Table 3).

Main variables influencing landscape change
Forest expansion

For the entire period of analysis (1914-2003), forest
expansion was associated with southern aspects,
closeness to preexisting forests, and the replacement
of shrublands (Table 4). All variables had a better
explanatory power for the period 1973-2003
(Table 4). During the period 1914-1973, the most
important variable explaining forest gain is replace-
ment of shrublands, followed by distance to forest and
southern aspects (Table 4). For the latter period
(1973-2003) distance to forest becomes the main
explanatory variable, followed by aspect and replace-
ment of shrublands (Table 4). Average distance
between new and remnant forests shifted from
3,100 m for the period 1914-1973 to 60 m for the
period 1973-2003, indicating a lower resolution of the
land cover map of 1914 than the maps derived from
LANDSAT image interpretations. Precipitation, wes-
tern aspects, and distance to roads were significant
variables during the first period whereas elevation
became a statistically significant variable during the
last 30 years (Table 4).



Plant Ecol (2012) 213:259-272

267

Table 4 Main drivers of forest expansion for the entire period (top 1914-2003) and two sub-periods (mid 1914-1973 and bottom

1973-2003)
Estimate Sd error Wald stat P

Forest growth 1914-2003
Intercept 1.083938 0.259902 17.3936 0.000030
Distance to forest —0.000115 0.000018 42.0315 0.000000
Precipitation 0.001459 0.000280 27.0570 0.000000
North —0.621880 0.087953 49.9930 0.000000
Distance to road 0.000140 0.000020 47.3392 0.000000
Former shrubland 0.769125 0.060284 162.7751 0.000000
AIC 1831
L. Radio ;52 503.4 Odds ratio: 6.96
P 0.000000 Log odds 1.94
Classification Pred. 0 Pred 1 % correct
Observed 0 592 247 70.6
Observed 1 214 622 74.4

Forest growth 1914-1973
Distance to forest —0.000127 0.000014 79.8104 0.000000
Precipitation 0.000494 0.000112 19.2988 0.000011
East —0.376738 0.081283 21.4820 0.000004
North —0.548795 0.084741 41.9402 0.000000
Distance to road 0.000051 0.000019 7.4886 0.006209
Former shrubland 0.847700 0.057978 213.7722 0.000000
AIC 1953
L. Radio Chi sq 4473 Odds ratio: 7.63
P 0.000000 Log odds 2.03
Classification Pred. 0 Pred 1 % correct
Observed 0 622 266 70
Observed 1 208 679 77

Forest growth 1973-2003
North —0.575709 0.161604 12.69112 0.000367
Elevation 0.001184 0.000135 76.45576 0.000000
Distance to forest —0.010368 0.001156 80.39884 0.000000
Former shrubland 0.931846 0.111432 69.93085 0.000000
AIC 602
L. Radio Chi sq 607.6 Odds ratio: 37.45
P 0.000000 Log odds 3.62
Classification Pred. 0 Pred 1 % correct
Observed 0 363 87 81
Observed 1 43 386 90

Variables were selected by step-wise regression followed by AIC test of the best models

Forest losses

For the whole period (1914-2003), the main variables
consistently associated to forest retraction were

precipitation (dry areas), closeness to water (areas
nearby rivers and lakes), as well as aspect and
elevation (north slopes and low-elevation sites;
Table 5). Between 1914 and 1973, forest losses were
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Table 5 Main drivers of forest losses for the entire period (top 1914-2003) and two sub-periods (1914-1973 and 1973-2003)

Estimate Sd error Wald stat P
Forest loss 1914-2003
Intercept 7.20760 0.855423 70.99357 0.000000
North 0.57119 0.124309 21.11323 0.000004
Elevation —0.00183 0.000364 25.20667 0.000001
Precipitation —0.00526 0.000671 61.50470 0.000000
Distance to water —0.00049 0.000105 21.40731 0.000004
AIC 1124 Odds ratio: 443
L. Radio Chi sq 121.1 Log odds 1.49
P 0.000000
Pred. 0 Pred 1 % correct
Observed 0 278 89 76
Observed 1 134 190 59
Forest loss 1914-1973
Intercept 3.10979 0.512446 36.82700 0.000000
Precipitation —0.00264 0.000572 21.28808 0.000004
Distance to grassland —0.00004 0.000013 9.23759 0.002371
Distance to water —0.00047 0.000097 23.82080 0.000001
AIC 898
L. Radio Chi sq 67.6 Odds ratio: 3.01
P 0.000000 Log odds 1.10
Pred. 0 Pred 1 % correct
Observed 0 230 115 67
Observed 1 138 208 60
Forest losses 1973-2003
Distance to road —0.000069 0.000024 7.99423 0.004693
North 0.397571 0.108263 13.48546 0.000240
Distance to water —0.000198 0.000081 5.98238 0.014449
Precipitation 0.001217 0.000177 47.45072 0.000000
Distance to shrubland —0.002356 0.000900 6.86140 0.008808
Distance to grassland —0.000877 0.000179 23.96758 0.000001
AIC 1173
L. Radio Chi sq 65.6 Odds ratio: 2.45
P 0.000000 Log odds 0.90
Pred. 0 Pred 1 % Correct
Observed 0 248 181 58
Observed 1 164 294 64

Variables were selected by step-wise regression followed by AIC test of the best models

mainly explained by precipitation and distance to
grasslands and water. During the last three decades
forest losses became increasingly important, balanc-
ing its expansion (Fig. 3), being associated with
northern aspects of higher rainfall areas close to
shrublands, grasslands, rivers, lakes, and roads

(Table 5).
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Discussion

Dynamics of change in forest cover

Even though forest colonization on former shrublands
in the region is considered a slow and diffuse
process associated with availability of nursing plants
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Fig. 4 Influence of aspect on the distribution of forest and
schrubland. Forests were more common on South- and East-
facing aspects at the beginning of the study period, showing the
largest gains on West and South-facing aspects. Shrublands

(Kitzberger et al. 2000), periods of higher precipita-
tions (Villalba and Veblen 1997), reduction of grazing
pressure from livestock (Raffaele et al. 2011), and
masting years (Heinemann 2007; Sanguinetti and
Kitzberger 2008), our results indicate that during the
last century, Northern Patagonian forests expanded to
almost 50% of historically burned land, and more than
60% of the shrublands of the study area. However, this
trend was far from homogeneous in time and space:
net forest expansion took place mainly during the
period 1914-1973, probably favored by a wet climatic
period (c. 1920s—1940s, Villalba and Veblen 1997),
and has shown a marginal retraction since then
(Fig. 3). Although, forest gains remained high during
the last 30 years, substantial areas of forests were
converted to grasslands and shrublands as a result
of recent fires associated to extremely dry springs
(Mermoz 2002). Forest expansion concentrated on
southern and western aspects were local environmen-
tal conditions such as lower levels of direct insulation
and higher precipitation may have facilitated seedling
establishment (Fig. 4), whereas most recent forest
fires originated on shrublands along north-facing
aspects in the vicinity of roads and urban areas
(Mermoz et al. 2005).
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were evenly distributed at the beginning of the study period,
being more persistent on North and East-facing aspects during
the last 90 years

The main predictors of forest expansion (i.e., mean
annual precipitation, high-elevation, and southerly or
easterly aspects) relate to higher moisture availability.
Mechanistically, higher moisture may create better
(or more) opportunities for successful tree seedling
germination and survival (Heinemann and Kitzberger
2006; Tercero-Bucardo et al. 2007), and conditions for
less severe fires (higher tree survival), providing more
seed sources and favorable microenvironments for
tree establishment (Kitzberger et al. 2005). Distance to
roads is also significantly related to forest expansion,
indicating the negative impact of human-related activ-
ities on forest establishment, growth, and survival.

In order to trigger the forest expansion described
above, seed sources have to be locally available
because the dominant forest tree species disperse
mainly in the vicinity of seed trees (Kitzberger 1994),
showing no adaptations for long-distance dispersal.
The hilly terrain of the study region, characterized by
rocky outcrops, creeks, small streams, and a dense
network of rivers and lakes may have resulted in a
large number of small, unmapped refuges where indi-
viduals and small groups of fire-sensitive tree species
survived the large fires of last century. We propose
that a large number of small unburned forest patches

@ Springer



270

Plant Ecol (2012) 213:259-272

triggered the extensive expansion documented here,
and that the original map was too coarse for detecting
these local seed sources.

Throughout last century, forest retraction was
consistently associated with north-facing slopes and
lower precipitation, indicating that forests are vulner-
able to climatic-related dieback events or drought-
induced severe fires. Drought-triggered mortality of
some dominant tree species have been documented
recently (Suarez et al. 2004; Suarez and Kitzberger
2008) and may become a novel path of forest retraction
under predicted climatic scenarios for the coming
century (Villalba et al. 2005). During the last three
decades, loss of forests is associated with the vicinity of
roads a pattern found in previous local studies (Mermoz
2002; Mermoz et al. 2005), indicating the importance of
human-related fire ignitions on more recent forest
losses. The negative relation between forest losses and
distance to grasslands and shrublands may imply that
interface fires that start in these communities are an
important driver of forest retraction.

Shrubland retraction and fire dynamics

Shrublands showed a rather continuous rate of
decrease during the last 100 years, but were more
persistent on northern and eastern aspects (Fig. 4),
where xeric conditions may reduce the likelihood of
seedling establishment, and favor the spread of natural
fires. Unlike the initial period, where most losses
of shrublands were due to replacement by forests
(Fig. 3), almost 70% of the shrublands lost during the
last three decades have been replaced by grassland, a
land cover class that is much more resistant to
colonization by forests.

Human settlement in the region followed the main
valleys: converting forests to grasslands for livestock
raising. We propose that the large fires of last century
may have triggered the development of a dichotomous
landscape: fire-tolerant plant communities will persist
under slightly more xeric conditions, close to roads
and urban areas due to a combination of higher
flammability, lower recruitment of forest trees, and
high ignition frequency. On the other hand, fire-
intolerant tree species will continue to expand under
more mesic conditions and away from human-related
disturbances due to a combination of a lower flam-
mability of closed forests, favorable conditions for
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seedling establishment in remaining shrublands and
infrequent ignitions.

Novel land uses and prospective land cover
changes

The most expanding land uses in the region are
pine plantations and urbanization. Both activities are
mostly developing on former shrublands and grass-
lands being associated to roads, that may hinder forest
expansion through reduced opportunities for estab-
lishment (Nufiez and Raffaele 2007), age-increasing
flammability (Covington and Moore 1994), and
higher ignition frequency (Mermoz 2002), reinforcing
the pattern documented for the period 1973-2003.
Whereas forest plantations of coniferous species are
still marginal in the study region; they are the main
cause of forest loss in northwestern Patagonia
(Echeverria et al. 2006; Aguayo et al. 2009). Further,
extensive plantations of fire-tolerant pine and eucalypt
species are expanding as an economically attractive
alternative land use for secondary forests in tropical
and subtropical regions around the world.

Many boreal, temperate, sub-alpine, and tropical
forests, and even some temperate shrublands, are
driven by large stand-replacing fires associated with
exceptional weather conditions (Johnson et al. 2001;
Veblen et al. 2008; Brown 1998; Moritz et al. 2004).
In these systems, fires of anthropogenic origin have
proven to promote the development of dichotomous
landscapes, where fire-adapted shade intolerant
species dominate areas of recurrent disturbance and
forests of low flammability persist in less accessible or
pristine areas (Cochrane et al. 1999; Perry and Enright
2002; Odion et al. 2010). Replacement of secondary
forests by large-scale plantations of species character-
ized by age-increasing flammability, rapid growth and
fire-adapted reproduction may make the process of
fragmentation of pristine forests more difficult to
revert.

Land cover change dynamics and climatic
variation

The process of forest expansion documented in this
study may have been triggered by a period of higher
precipitation (Villalba and Veblen 1997), whereas
extremely dry weather has been proposed as the main
cause of forest dieback (Suarez et al. 2004) and recent
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large fires (Mermoz 2002; Mermoz et al. 2005). Under
a scenario of increasing climatic variability and high
ignition frequency associated with human activity, the
process of forest expansion documented in this study
may be reverted within a few decades.

Unlike landscapes driven by age-increasing flamma-
bility, forests with low flammability of mature close-
canopy stages may strongly benefit from reductions in
fire ignitions (Kitzberger et al. in press). There is a
growing awareness that historical land uses may lead to
fire-maintained pyrophylic/pyrophobic dichotomous
landscapes in many regions of the world (e.g., Perry
and Enright 2002; Mermoz et al. 2005; Odion et al.
2010). Future research should explore the consequences
of climatic variation, fire-fighting policy, and novel land
uses on the dynamics of these systems.
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